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Shuttling components of nuclear import machinery involved in nuclear
translocation of steroid receptors exit nucleus via exportin-1/CRM-1*
independent pathway
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The nucleocytoplasmic transport processes are mediated by soluble transport factors constantly navigating between nuclear and
cytoplasmic compartments. Our understanding about nuclear export of general ‘nuclear import factors’ that deliver the cargo to the nucleus is
still fragmentary. Utilizing green fluorescent protein tagged glucocorticoid receptor (GR) and relA as our working model and with judicious
use of LMB, we show in living cells that all the soluble components of the nuclear import machinery exit nucleus via exportin1/CRM1
independent pathway(s).
D 2004 Elsevier B.V. All rights reserved.Keywords: Nuclear import; Nuclear export; Leptomycin; Steroid receptorThe ability to translocate and localize proteins to specific
compartments is fundamental to organization and function-
ing of all living cells. Different classes of soluble transport
receptors mediate translocation of macromolecules between
the cytoplasm and the nucleus in conjunction with other
immobile components associated the translocation machin-
ery. Some of the well-characterized soluble components of
nuclear import machinery mediating inward journey to the
nucleus include members of importin-a/h protein family, the
Mex 67/Tap family, small nuclear factor-2 (NFT2)/P10, Ran-
GTP, transportins, Kap 95p homologues to importin-h and
other less characterized or unknown import factor [1–4]. All
soluble nuclear import factors can bidirectionally transverse
the nuclear pore complex through specific interactions with
the immobile components of nuclear pore complex. After the
delivery of the nuclear localization signal (NLS)-bearing
substrate into the nucleus, the import factors must return to
the cytoplasm in order to transport the next NLS-bearing0167-4889/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2004.03.003
$ Exportin-1 and CRM-1 are synonyms and for convenience reasons
the term ‘exportin’ is used throughout the text.
* Corresponding author. Tel.: +91-11-2671-7544; fax: +91-11-2616-
5886.
E-mail address: rkt2300@mail.jnu.ac.in (R.K. Tyagi).substrate into the nucleus. For the outward journey from the
nucleus, the best studied and commonly used nuclear export
processes are meditated by classical leucine-rich nuclear
export signals (NES) that specify recognition by the expor-
tin-1/CRM-1* nuclear export receptor [5,6]. Though in
lesser instances, CAS [7], calreticulin [8], Msn5 [9] and
other alternative mechanisms are also reported to be involved
in nuclear export processes. However, the proteins known to
exit nucleus via exportin pathway far exceed in number
when compared with the ones following alternate nuclear
export pathways. The discovery of this exportin-dependent
pathway is attributed to a potent and specific nuclear export
inhibitor leptomycin B (LMB) that helped establishing this
and other nuclear export pathways [5,10,11]. However, as a
whole, the general understanding of nuclear export mecha-
nisms utilized by import factors, navigating between the two
compartments, as components of large nuclear import ma-
chinery is still fragmentary.
Glucocorticoid receptor (GR), a member of steroid
hormone receptor family, functions as a ligand-activated
transcription factor. Unliganded GR resides in the cyto-
plasmic compartment. In the presence of hormone, nuclear
import of the GR involves recognition of NLS by impor-
tins, which mediate its translocation into nucleus [12]. In
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fluorescent protein (GFP)-tagged glucocorticoid receptor
(GFP-GR) chimera was used. Another chimeric protein
relA-GFP (p65-GFP) was used in control experiments
whose nuclear export is known to occur via exportin-
dependent pathway and can be efficiently inhibited by
LMB [13,14]. Therefore, GFP-GR and relA-GFP served
as our working model, and together with the application of
LMB, we investigated if the general components of
nuclear import machinery exit the nuclear compartment
utilizing the exportin-dependent or exportin-independent
pathway.
COS-1 cell line (ATCC) derived from African green
monkey kidney was used in this study and obtained from
National Centre for Cell Science, Pune, India. Maintenance
of cells and the experimental treatments were done in a
humidified incubator supplied with 10% CO2–95% air at
37 jC. Until stated otherwise, all the chemicals were
obtained from Sigma (St. Louis, MO). Transient DNA
transfection in COS-1 cells was done using LipofectAMINE
2000 reagent (Life Technologies). Exponentially growing
cells were seeded into 35-mm tissue culture dishes, the day
before transfection. The following day, cells were incubated
in 1 ml of DMEM (without serum and antibiotics) and 500
ng of GFP-GR plasmid per 35 mm plate was transfected
according to the protocol supplied by the manufacturer.
After transfection period (6–8 h), the medium was replen-
ished with fresh 5% stripped-serum-containing medium and
cells were incubated further for 15–20 h. In control experi-
ments, 500 ng of relA-GFP [13] plasmid was either trans-
fected alone or co-transfected with 500 ng super-repressor
InBa plasmid [15]. Similarly, fluorescent protein tagged
import factors importin-a, importin-h and Ran (described in
Refs. [16,17]) were expressed and studied in live COS-1
cells. For inducing nuclear translocation of unliganded GFP-
GR hormone, dexamethasone (Dex) was used at a final
concentration of 10 7 M. The LMB, a specific inhibitor of
exportin, was used at a concentration of 20 ng/ml of
medium. The time of incubation with LMB varied from 1
to 4 h or overnight depending upon experimental require-
ments. In some experiments cells were treated with cyclo-
heximide (100 Ag/ml) to block the de novo synthesis of
proteins.
The fluorescent cells, expressing either the GFP-tagged
chimeric protein or counter-stained with Hoechst (5 ng/
ml), were recorded with Axioscope 2 Plus fluorescence
microscope (Carl Zeiss) equipped with appropriate filters
sets and Axiovision 3.1 software (Carl Zeiss). Images were
analysed and assembled with Adobe Photoshop and Micro-
soft photo editor. The final images were prepared and
labelled with Microsoft Power Point. The subcellular
localization of the GFP-tagged protein was determined in
at least 100 cells under each experimental condition.
Fluorescence was considered nuclear (N) when it was
exclusively in the nucleus or cytoplasmic (C) when present
exclusively in the cytoplasm. When the protein waspresent primarily in the nucleus or primarily in the
cytoplasm, it was considered N>C and C>N, respectively.
When the fluorescence was uniformly divided between the
nucleus and the cytoplasm it was classified as N =C. For
graphical presentation, N +N>C were grouped as predom-
inantly nuclear while C +C>N were grouped as predomi-
nantly cytoplasmic for receptor localization.
In the present study, we have used relA-GFP as a well-
characterized protein whose exportin-dependent nucleocy-
toplasmic trafficking and inhibition of its nuclear export
by LMB is well documented [13,14]. When transfected
alone, relA-GFP is expressed as a protein distributed
either uniformly between cytoplasmic and nuclear com-
partments or marginally higher in the nucleus than in the
cytoplasm. When co-transfected with superrepressor InBa
plasmid, relA-GFP localizes predominantly in the cyto-
plasm (Fig. 1A(a,b)). To normalize our experimental
conditions, initially relA-GFP (with or without) InBa
was transfected and expressed in COS-1 cells where it
clearly showed its typical localization pattern. In other
experimental plates, with similar transfection, the cells
were treated with LMB (20 ng/ml) that is a specific
inhibitor of exportin-dependent nuclear export pathway
of proteins bearing leucine-rich nuclear export signals.
Four hours after LMB treatment, about 95% of the relA-
GFP was observed localized predominantly in the nuclear
compartment of the cells (Figs. 1A(c,d) and 2). These
observations not only emphasize the efficient working
situation in our living cell system but also suggest that
relA-GFP that is rapidly shuttling between the nuclear and
cytoplasmic compartments is indeed exported via expor-
tin-dependent pathway and is arrested in the nucleus upon
LMB treatment. It may be envisaged that similar to relA-
GFP, all the other cellular proteins that are constantly
shuttling via exportin-dependent nuclear export pathway
will also be arrested in the nuclear compartment.
Unliganded GR exists in cytoplasm with its NLS
buried in a heteromeric complex consisting minimally of
a dimer of hsp90, a 23-kDa acidic protein (p23), and
FK506-binding immunophillin [12,18]. Upon ligand bind-
ing GR interactions with chaperone proteins are dramat-
ically changed resulting in exposure of NLS that activates
its nuclear translocation process. However, unlike relA-
GFP, the cytoplasmic localization of unliganded GR
remains unaltered upon treatment with LMB. This obser-
vation was exploited in the present study since it creates a
favorable situation where unliganded GR can be retained
in the cytoplasm while all the shuttling proteins that exit
the nucleus via exportin-dependent pathway will be
arrested in the nucleus upon treatment with LMB. This
trap will also work for the shuttling components of
nuclear import machinery if they exit the nucleus via
exportin-dependent pathway. If so, the unliganded GR
that remains localized in the cytoplasm after treatment
with LMB will not be able to enter the nucleus upon
treatment with its ligand. The GR failure to translocate
Fig. 1. (A) Exportin-dependent nuclear export relA-GFP is inhibited by LMB. COS-1 cells were transfected with relA-GFP alone (a, c) or along with
InBa (b, d) and the cells were allowed to express the protein for 24 h. RelA-GFP expressed alone is seen uniformly distributed between nucleus and
cytoplasm (a), or predominantly localized in the cytoplasm when expressed with InBa (b). In both the situations, treatment with LMB (20 ng/ml) for 4
h arrested the shuttling relA-GFP into the nuclei of the cells, indicating involvement of exportin-dependent nuclear export pathway and the effectiveness
of LMB inhibition (c, d). aV–dV on the right panel show Hoechst staining performed to visualise the nuclei of the corresponding cells on the left panel.
(B) Pretreatment of cells with LMB does not arrest the components of import machinery involved in translocation of GFP-GR from cytoplasm to
nucleus. COS-1 cells were transfected with GFP-GR as described in the text. GFP-GR localized in the cytoplasm of control cells treated with vehicle
alone (DMSO/ethanol, 1:1) (a). When treated with hormone Dex (10 7 M) the receptor was translocated into the nuclear compartment within 60 min (b).
Treatment with LMB alone (20 ng/ml) for 4 h did not have any effect on localization of GFP-GR (c). Cells pretreated with LMB for 4 h and then
treated with hormone Dex were still capable of translocating the receptor into the nucleus (d). During the course of these treatments, cycloheximide (100
Ag/ml medium) was included to prevent de novo synthesis of proteins. aV, bV, cV and dV on the right panel show the Hoechst staining to visualise the
nuclei of the corresponding cells on the left panel.
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components of the nuclear import machinery are arrested
in the nuclear compartment rendering them incompetent
to make next round of nuclear import. On the contrary, if
all the critical components of the nuclear import machin-
ery remain unarrested in the nucleus following LMB
treatment, hormone-induced nuclear translocation of GR
should remain unaffected upon treatment with hormone.
At this point, there is a logical question that needs to be
asked. Are these components of the nuclear import
machinery being exported via the classical exportin-de-
pendent or exportin-independent nuclear export pathway?
This query served as the basis for our forthcoming
experiments.
To answer the questions raised in the above discussion, a
number of experiments were designed to arrive at our
conclusion. The results obtained are presented in Figs. 1
and 2. When GFP-GR plasmid was transfected and
expressed in COS-1 cells in the absence of its ligand, more
than 90% of the cells showed its localization to be predom-
inantly cytoplasmic (Figs. 1B(a) and 2). After 60 min of
treatment with its ligand Dex, the GR was translocated into
the nucleus and more than 90% cells were observed to be
predominantly nuclear (Figs. 1B(b) and 2). When unli-
ganded GFP-GR expressing cells were treated with LMBalone (20 ng/ml), the localization of the receptor remained
unaltered (with more than 90% cells still predominantly
cytoplasmic), a profile that was similar to unliganded GFP-
GR transfected cells (Figs. 1B(c) and 2). In parallel control
experiments, this concentration of LMB was highly effec-
tive in inhibiting the exportin-dependent pathway as
revealed by our observations with relA-GFP experiments
(Figs. 1A and 2). In additional experiments, GFP-GR
expressing cells were pretreated with LMB to arrest all the
proteins shuttling via exportin pathway. When these LMB-
pretreated cells were challenged with Dex, about 90% of the
cells had GFP-GR efficiently translocated into the nuclear
compartment (Figs. 1B(d) and 2). In terms of kinetics, the
rate of translocation of GFP-GR in cells pretreated or
untreated with LMB was similar. This implies that LMB
pretreatment could not arrest the shuttling components of
the nuclear import machinery that could result in impeding
or inhibiting the nuclear translocation of GFP-GR. Similar
results were obtained when LMB was used for prolonged
periods of time (overnight) or at higher concentration (40
ng/ml). To rule out the possibility that the de novo-synthe-
sized import machinery may get involved in nuclear import
of GFP-GR in LMB-pretreated cells, cycloheximide (100
Ag/ml) was included in the cell culture medium prior to such
treatments.
Fig. 2. Shuttling components of nuclear import machinery are not
arrested in nucleus by exportin inhibitor LMB. COS-1 cells were
transfected either with GFP-GR or co-transfected with relA-GFP and
InBa expression vectors as described in the text. After 24 h of
transfection, the cells were (pre)treated with LMB for 4 h (RelA+ I + L/
GR+L/GR+L+H). After the LMB pretreatment, the GFP-GR trans-
fected cells (GR+L+H) were challenged with hormone Dex. The
GR+H served as control where the cells were challenged with hormone
alone without pretreatment with LMB. GR and GR+L served as
additional controls where treatment with or without LMB has no effect
on GFP-GR localization. (RelA + I) shows cytoplasmic localization of
relA-GFP in the absence of LMB treatment. On the contrary,
(RelA + I + L) shows nuclear accumulation of relA-GFP in the presence
of LMB, suggesting inhibition of exportin pathway. The subcellular
localization of the GFP-tagged proteins was determined in at least 100
cells for each experimental condition (n= 4) and the percent of cells
showing predominantly nuclear localization under different experimental
conditions is indicated. Symbol on the graph: RelA= relA-GFP, I = InBa,
GR=GFP-GR, L= leptomycin B, H = hormone dexamethasone.
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ments where three fluorescent protein tagged import factors
(i.e. YFP-importin-a, YFP-importin-h and Ran-GFP) wereFig. 3. Nucleocytoplasmic shuttling of three principal nuclear import factors is n
control relA-GFP plasmids were expressed in COS-1 cells as described in the text
import factors (a– f). Under these conditions, nucleocytoplasmic shuttling of relA-G
the right side of each YFP/GFP image, Hoechst staining reveals the correspondinstudied in normally proliferating cells. All the three proteins
expressed in COS-1 cells showed varied distribution pat-
terns ranging mainly between N =C and N>C. The subcel-
lular distribution profile of these import factors was
comparable to that of relA-GFP (expressed in absence
super-repressor InB-a) and was therefore included as a
control in these experiments. The results presented in Fig.
3 show the distribution pattern of fluorescent protein tagged
importin-a, importin-h and Ran prior to LMB treatment
(Fig. 3a,c,e,g) and after LMB treatment (Fig. 3b,d,f,h). We
observed that in all the cases, except relA-GFP, the protein
distribution remained unaffected by LMB treatment.
Hence, based on the observation made in the present
study, we conclude that all the shuttling soluble members of
nuclear import machinery exit the nucleus via the exportin-
independent nuclear export pathway. The present study
should initiate a search for the existence of alternative
nuclear export pathways that may be involved in nuclear
exit of soluble phase of import machinery.Acknowledgements
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